High-speed single transverse mode 850 nm vertical cavity surface emitting lasers (VCSELs) with large emission aperture with a diameter of 8 µm were fabricated. These VCSELs exhibit good performance with threshold currents of 1.5 mA, a single transverse mode emission within the full operational range and a maximum output power of 3.8 mW. The large aperture is advantageous to these VCSELs with a smaller dynamic resistance (60 ) than that of conventional single-mode VCSEL. These single-mode VCSELs also demonstrate superior high-speed performance up to 10 Gb s −1 .
Introduction
Vertical cavity surface emitting lasers (VCSELs) have become a standard applied technology in local area networks (LANs) from 1.25 Gb s −1 to 10 Gb s −1 . The main advantages of VCSELs are their low threshold current, low divergent angle and circular beam, which simplify packaging and reduce electrical power consumption. The surface emission from the VCSELs also facilitates the integration of a two-dimensional array and the testing of wafer levels, reducing the cost of fabrication [1] . High-power single transverse mode operation is preferred for many applications, including laser printing, optical storage and long-wavelength telecommunications. Two major approaches were previously developed for fabricating single-mode VCSELs. The first is to make the current-confined aperture sufficiently small to support only the fundamental mode; the best results using this method have been achieved using oxide-confined VCSELs [2] . Typically, the current-confined aperture must be less than 3 µm in diameter to ensure stable single-mode operation. However, the large resistance inherited from the small aperture limits the modulation bandwidth and degrades the high-speed performance. Furthermore, the lifetime of the oxide VCSEL decreases proportionally as the diameter of the oxide aperture declines, even when the device is operated at a reduced current [3] .
The second approach for fabricating a single-mode VCSEL is to suppress the high-order mode in a multimode VCSEL by surface-relief etching [4, 5] , or by extending the optical cavity [6] . Young et al proposed hybrid implant/ oxide VCSELs that support single-mode operation, based on 'cold-cavity' considerations. The basic concept is to increase the optical losses of higher order modes [7] . However, the threshold current (I th ) of this VCSEL is rather high, at ∼5.8 mA. This study presents a low I th , high-power singlemode VCSEL fabricated using oxygen (O + ) implantation, MOCVD regrowth and selective oxidation. Two types of apertures in this device were designed to reduce the overlap of the higher order modes with the current-confined profile while at the same time keeping a sufficient fundamental mode/current-confined overlap [8] . The current flow is confined by an oxygen-implanted aperture with a diameter of 8 µm and the optical mode is confined by an oxide aperture with a diameter of 10 µm. These VCSELs emit a single transverse mode within the full range of the operated current and can operate up to 10 Gb s −1 . The epitaxial structure was grown by metal organic chemical vapour deposition (MOCVD) on a semi-insulated GaAs (100) at 6
Device structure and fabrication
• to (111A) substrate. Prior to O + implantation, the wafer structure consists of an n + -GaAs (Si-doped) buffer layer and 39 pairs of n-type (Si-doped) Al 0.19 Ga 0.81 As/Al 0.9 Ga 0.1 As bottom-distributed Bragg reflectors (DBRs), an Al 0.26 Ga 0.74 As/GaAs five period quantum-well (QW) active region in a one-wavelength cavity for 850 nm emission and two pairs of p-type (C-doped) Al 0.19 Ga 0.81 As/Al 0.9 Ga 0.1 As top-DBRs. Then, a 50Å GaAs cap layer was grown at the null position of the optical field to avoid optical absorption; the GaAs layer was used to prevent oxidation of the surface before regrowth. O + was implanted (dosage ∼2 × 10 14 ) at 120 keV to define a current aperture with a diameter of 8 µm by photolithography, as indicated in figures 2(a) and (b). After implantation, 24 pairs of top-DBRs were regrown with a 30 nm Al 0.98 Ga 0.02 As oxide layer which is located at the third null node position. This position is one pair away from the QW region, compared to conventional VCSELs, to reduce the index guiding effect. During the regrowth period, the implanted layer became an effective insulator as the current-confined aperture because of the activation process. The processing sequence included six photomasks to fabricate oxide-confined polyimide-planarized VCSELs with coplanar wave-guide probe pads. This process was designed to minimize capacitance while keeping reasonably low resistance. Device fabrication began with the formation of cylindrical mesas 20 µm in diameter by etching the surrounding semiconductor to a depth of 5 µm into the bottom n-type mirror using a reactive ion etching (RIE) system as shown in figure 2(c) . The gas used in the ion source was Cl 2 , and the gas that flowed on the sample was BCl 3 . The samples were then selectively oxidized to form circular optical confined apertures with a diameter of 10 µm. Following this Si 3 N 4 was deposited for passivation. Ti/Au was evaporated for the p-type contact ring, and AuGeNi/Au was evaporated onto the etched n-buffer layer etched bottom mirror to form the n-type contact which is connected to the semi-insulating substrate. Contacts were alloyed for 30 s at 420
• C using RTA. After contact formation, photosensitive polyimide was spun on the sample for field insulation and planarization. Ti/Au with thicknesses of 200/3000Å were deposited for metal interconnects and coplanar waveguide probe-bond pads ( figure 2(d) ). Heat treatment after the metal deposition was utilized to improve metal-to-polyimide adhesion strength. For comparison, a conventional VCSEL was also processed with only an oxide-confined aperture with a diameter of 8 µm. The same processes as above were performed but without O + implantation and regrowth process. of the VCSELs are 60-65 . This range of resistance is almost the same as that for comparable conventional VCSELs (the L-I-V characteristics are shown in figure 3(b) ), but lower than for single-mode VCSELs with a small aperture, which typically have around 250 of series resistance [9] . Additionally, the roll-over current is about 12 mA, which exceeds that of the single-mode VCSEL with a small aperture and so the proposed VCSELs should be more reliable [2] . -implanted VCSELs have a lower peak power and a higher I th than comparable conventional VCSELs, perhaps because of the regrowth interface and the losses of higher order modes, the O + -implanted VCSELs can operate in the fundamental single mode within the full operating range exhibiting a better highspeed modulation response than conventional VCSELs [10] .
Results and discussion
To measure the high-speed characteristic of the O + -implanted and comparable conventional VCSELs under large signal modulation, microwave and light wave probes were used in conjunction with a 10 Gb s −1 (2 23 − 1 long pseudorandom bit sequence generated) pattern generator (MP1763 Anritsu). 
Summary
This study reports a new technique for fabricating a singlemode VCSEL with a large emission aperture with a diameter of 8 µm, using oxygen implantation, MOCVD regrowth and selective oxidation. The single-mode VCSELs have a low I th of about 1.5 mA and a high output power of 3.8 mW. Although this approach involves regrowth, it provides the single transverse mode with large aperture with a low I th and a high output power. These single-mode VCSELs also demonstrate superior high-speed performance up to 10 Gb s −1 . The authors believe that the concept can be applied to fabricate long-wavelength single-mode VCSELs.
